In this study we examined the superior colliculus of the midbrain of the one-humped (dromedary) camel, Camelus dromedarius , using Nissl staining and anti-neuronal-specific nuclear protein (NeuN) immunohistochemistry for total neuronal population as well as for the enkephalins, somatostatin (SOM) and substance P (SP). It was found that, unlike in most mammals, the superior colliculus is much larger than the inferior colliculus. The superior colliculus is concerned with visual reflexes and the co-ordination of head, neck and eye movements, which are certainly of importance to this animal with large eyes, head and neck, and apparently good vision. The basic neuronal architecture and lamination of the superior colliculus are similar to that in other mammals. However, we describe for the first time an unusually large content of neurons in the superior colliculus with strong immunoreactivity for met-enkephalin, an endogenous opioid. We classified the majority of these neurons as small (perimeters of 40-50 µ m), and localized diffusely throughout the superficial grey and stratum opticum. In addition, large pyramidal- immunopositive to SOM and SP were located exclusively in the superficial grey layer. We propose that this system may be associated with a pain-inhibiting pathway that has been described from the periaqueductal grey matter, juxtaposing the deep layers of the superior colliculus, to the lower brainstem and spinal cord. Such pain inhibition could be important in relation to the camel's life in the harsh environment of its native deserts, often living in very high temperatures with no shade and a diet consisting largely of thorny branches.
Introduction
The mammalian superior colliculi form laminated eminences on the rostral half of the tectum of the midbrain. Although studies have established the architecture of the mammalian superior colliculus in different species, notably the rat (Altman & Carpenter, 1961; Brodal, 1972; Harting, 1977; Graybiel, 1978) , rabbit (Barker & Dreher, 1998; Gonzalez-Soriano et al. 2000; McHaffie et al. 2001) , hamster (Kang et al. 2002) , ferret (Behan et al. 2002; Cirone et al. 2002) , cat (Garey & Powell, 1968; Garey et al. 1968; Edwards et al. 1979; Mize, 1999; Krauzlis, 2001; McHaffie et al. 2001; Cirone et al. 2002) , monkey (Krauzlis, 2001; McHaffie et al. 2001; Soares-Mota et al. 2001 ) and humans (Leuba & Saini, 1997) , there is a paucity of information on such large mammals as the camel. The camel is held in Arabian folklore to possess exceptional visual capabilities and this is supported by scientific evidence (Harman et al. 2001) . By macroscopic examination of the camel brain we found it to possess a superior colliculus several times the volume of the inferior colliculus, whereas in most species, including humans, the two are of approximately the same size. This could be significant because dolphins (order Cetacea), closely related to the order Artiodactyla, to which camels belong (http://www.ezresult.com/article/Ungulate; Luo, 2000) , are known to have an elaborate auditory system and possess an inferior colliculus that is much larger than the superior. The superficial layers of the superior colliculus receive afferents from the retina and the visual cortex. Portions of the visual cortex and superior colliculus receiving input from particular regions of the retina are interconnected, and related cortical and retinal projections coincide in the superior colliculus (Garey, 1965; Garey & Powell, 1968; Garey et al. 1968 ).
The mammalian superior colliculus is involved in processing sensory information from other modalities than just visual, including feedback from the auditory, somatosensory and motor regions of the cerebral cortex to its deeper layers (Garey et al. 1968) . This is consistent with the superior colliculus being an important integrative centre for the control of orientation of head and eye (Wurtz & Albano, 1980 (Basbaum & Fields, 1984; Graybiel et al. 1984; Mize, 1989; Miguel-Hidalgo et al. 1990; Okamoto et al. 1990; Berson et al. 1991; Humphrey et al. 1995) . In addition to suppression of central neural pain pathways, opiates are known to be involved in the control of visual reflexes including saccadic eye movements. Studies in rats (Okamoto et al. 1990; Miguel-Hidalgo et al. 1990 ) and cats (Mize, 1989; Berson et al. 1991) 
Materials and methods
The brains of 12 adult male camels aged between 2 and 4 years were obtained from a commercial abattoir in Al Ain, United Arab Emirates, and were fixed by immersion in 4% paraformaldehyde within 15 min of death.
Initial fixation continued overnight at 4 ° C. Blocks containing the superior colliculus were removed from the midbrain and fixed for a further 24 h. Fixed specimens were subsequently kept in 30% or 15% sucrose in 0.1 M phosphate-buffered saline (PBS) until cryostat sectioning.
Nissl staining
Blocks from superior colliculi stored in sucrose in PBS were slowly freeze-embedded using cryomatrix mountant gel (Shandon, Pittsburgh, PA, USA) on the cryobar of a motorized cryostat (Shandon, Cheshire, UK). Coronal sections 15 µ m thick were then cut and cold mounted on gelatin-coated slides, and stained with 1% toluidine blue.
JB4 embedding
To investigate 
Immunohistochemistry
Other blocks were freeze-embedded as described above.
Cryostat sections antibodies. Anti-met-enk was also adsorbed to leu-enk peptide to exclude cross-reactivity between anti-leu-and anti-met-enk. Peptides were obtained from the same source as the antisera.
Sections were examined using a Zeiss Axiophot photomicroscope, and micrographs taken using an
AxioCam HRC digital camera with AxioVision 3.1 software to capture images (Carl Zeiss, Jena, Germany).
Quantification
Images of toluidine-blue-stained sections were captured with the AxioVision 3.1 software and the perimeters of neurons whose nuclei were clearly visible (20 per layer in four camels, using every third section) were determined.
Similarly, the perimeters of all neurons in four consecutive sagittal sections immunostained for SOM, SP, leu-enk and met-enk from three camels were measured.
The total numbers of neurons measured were 368 for SP, 337 for SOM and 178 for leu-enk. Data were analysed using one-way ANOVA and P -values < 0.05 were considered significant.
Results
Immunolabelling was absent in all the control experi- (Fig. 4a-c) .
Immunohistochemistry of leu-enk, met-enk, SOM and SP
Immunoreactivity to leu-enk, SOM and SP was essentially restricted to the upper third of the superficial grey layer where they were discernible predominantly in small to medium neurons ( Fig. 5a-d) . Neurons immunoreactive to SOM and SP were present throughout the superficial grey, sometimes extending into the superficial portion of the stratum opticum ( Fig. 7e-h ). SOM neurons possessed predominantly ovoid nuclei and dendrites extending over a wide field (Fig. 7i) . SP neurons had a variety of dendritic fields, including horizontal and vertical orientations, with wide and narrow dendritic fields observed with equal frequency. Some of these neurons were pyramidal in shape. Met-enk immunoreactivity was detectable in all layers. In the superficial grey, and extending into the stratum opticum, mainly small and medium met-enk cells with oval nuclei but poorly discernible dendrites were discernible. Neurons with narrow dendritic fields, some of which formed a double 'Y' (giving an overall X shape)
were commonly visible in the stratum opticum.
Pyramidal cells with wide dendritic field were also dis- regions, most were detected in the lateral region of the intermediate white layer (Fig. 8a,b) . Lying at the dorsal border of the deep grey and often extending into the zone of thick met-enk immunoreactive fibres were groups of large neurons that were mainly unipolar in profile, although some multipolar neurons were also observed. These neurons were identified as comprising the mesencephalic trigeminal nucleus (Fig. 9a-d ). The deep layer was indistinguishable from the PAG and contained few small-sized met-enk neurons and several varicose profiles that we interpreted as axon terminals (Fig. 11a) .
Nerve fibres
For all the neuropeptides, the superficial layer had a strongly immunoreactive neuropil, but while projections of neurons immunoreactive to leu-enk, SOM and SP appeared limited to the layers in which their cell bodies were found, thick met-enk immunoreactive fibres were observed between the intermediate and deep grey layers (Fig. 10a) . These fibres appeared similar to those emanating from the mesencephalic trigeminal nucleus (Fig. 3c ). In addition, bridging met-enk fibres were observed between the superficial and deep layers with some extending into the PAG (Fig. 10b) .
Although the PAG was immunoreactive to all neuropeptides studied, met-enk and SP were remarkable for their intensity (Fig. 11a-d) .
Discussion
This study has demonstrated that the superior collicu- superior colliculus agrees with what has been described in many species (Walberg, 1984) . These neurons have been associated with proprioception of the head and neck region. Ndiaye et al. (2000) the superior colliculus might implicate enkephalins in orientation of the head towards contralateral stimuli given that they have been identified as the probable source of the predorsal bundle fibres known to be responsible for these movements (Redgrave et al. 1986 ).
The presence of a large band of met-enk fibres in the intermediate white layer further supports this observation.
Enkephalins are important in pain suppression in central neural pathways (Basbaum & Fields, 1984) . They are endogenous opiates of the nervous system, exerting their influence through opioid receptors on neurons.
They may explain the well-known phenomenon of initial inhibition of pain sensation that can last for several hours after acute trauma (Melzack & Wall, 1965) . A pain inhibitory pathway has been described from the PAG to the medulla in the lower brainstem, and thence On the release of a nociceptive signal, however, the inhibitory effect of GABA is removed resulting in an increased release of enkephalins and anti-nociception (Williams et al. 1995; Stiller et al. 1996) . This effect has been elicited by injecting morphine into the PAG of the rat (Williams et al. 1995) .
The fact that the camel may possess a significant anti-nociceptive system is further supported by the observation of intense SP immunoreactivity in its PAG.
Injecting SP in the PAG of the rat stimulates the release of endogenous opioids (Tang et al. 1983; Iadarola et al. 1986; Furst, 1999) and this activates the descending pain inhibitory pathways that mediate opioid analgesia (Rosen et al. 2004) . Indeed, injecting antibodies to SP and enkephalins in the PAG of the rabbit both reduce the effect of acupuncture (Han et al. 1984 ).
In conclusion, the very large size of the superior colliculus of the camel brain suggests that it may have a special function in this animal. In the presence of numerous large met-enk neurons throughout the superior colliculus with fibres projecting to the PAG, the intense staining of met-enk and SP in the PAG suggests that the pain inhibiting opioid pathway, known to be present generally in mammals, may be especially well developed in the camel, perhaps helping it to withstand the extremes of temperatures and discomfort associated with its desert environment. 
